Abstract -In this work we demonstrate, for the first time, the feasibility of making rapid fluorescence lifetime measurements with analog silicon photomultipliers (SiPMs) and waveform sampling techniques. Fluorophore excitation was provided by means of a low-power fiber-coupled pulsed laser diode operating at 405nm, whose beam had been expanded to a diameter of 2mm before impinging upon the sample. A portion of the sample's isotropic fluorescent emission was collected orthogonal to the incident excitation beam via an analog SiPM and analyzed by waveform sampling at 2.5 GS/s. Fluorophores for system evaluation were selected such that their fluorescence lifetimes differed significantly from one another but their excitation and emission wavelength's maxima did not, and included Coumarin 6, Coumarin 314, and Coumarin 343, each dissolved in ethanol. Measurements were made of a non-fluorescent, isotropicallyscattering specimen to derive the system's response function. Single exponential fitting of the convolution of the system's response function with each dye's intrinsic fluorescence intensity function yielded fluorescence lifetimes in close agreement to those derived from measurements made on a commercial system.
I. INTRODUCTION
To achieve greater sensitivity in fluorescence microscopy, considerable effort has gone into the development of techniques that do not depend upon the spatial mapping of fluorescence intensities, such as fluorescence lifetime imaging microscopy (FLIM). Unfortunately, time-domain methods like FLIM frequently require costly equipment and often suffer from slow data acquisition rates that greatly limit their utility. Recent trends, towards the use of multiple fluorescent probes to report multiple targets simultaneously, often face further constraints in measurement sensitivity that arise from the overlap of their various reporters' respective excitation and emission spectra -even when addressed with spectral unmixing methods [1] .
At present, arguably the most versatile and accurate means of measuring fluorescence lifetimes is through the use of time-correlated single-photon counting (TCSPC). In this technique a pulsed laser is used to transiently excite the sample and the ensuing time-lapse of fluorescence emission is recorded -one photon at a time. This process is repeated, with each photon's arrival time being histogrammed by a time-to-digital converter (TDC), to obtain the sample's fluorescence response curve. Subsequent curve fitting of the decay portion of the sample's fluorescence response curve is then performed to derive the fluorescence lifetime. Critical to the validity of this approach are the inherent assumptions that, during each excitation cycle, the probability of having more than one fluorescence photon arrive (termed pile-up) is negligible, and that the lifetime of the fluorophore is much shorter than the excitation cycle's period. As such TCSPC approaches are inherently slow since, per excitation cycle, at most one photon is detected -with many excitation cycles being required to build each fluorescence response curve. Lasers possessing higher repetition rates can be used to accelerate the rate of data acquisition. However, in doing so, one limits the length of fluorescence lifetimes that can be analyzed, due to the next excitation's arrival.
To date the most commonly used detectors in TCSPC have been photomultiplier tubes (PMTs) and avalanche photodiodes (APDs), due to their signal-to-noise ratios (SNRs) being sufficient for single photon detection and their response times being rapid enough for fluorescence lifetime resolution. More recently, silicon photomultipliers (SiPMs) have garnered attention for their potential use in fluorescence lifetime studies as they afford both the chief advantages of conventional silicon APDs (small size, low voltage operation, and robustness) and the chief advantages of PMTs (high gain and stability). To this end, D. Tyndall [2] et al. derived a single CMOS chip that combined a digital SiPM with an array of TDCs, to allow detection of multiple fluorescence photons per excitation cycle; consequently reducing, by over an order-of-magnitude, conventional TCSPC pile-up. The chip also possessed embedded electronics for on-board calculation of fluorescence lifetimes. F.M.D. Rocca [3] et al. subsequently used this unique platform to achieve real-time fluorescence lifetime detection for cell sorting during flow cytometry.
In the present work we demonstrate, for the first time, the feasibility of making fluorescence lifetime measurements using analog off-theshelf silicon photomultipliers (SiPMs) [4] and waveform sampling techniques. Comparison of the fluorescence lifetimes derived from this low-cost system to those made on a bulky, commercially available instrument costing more than an order of magnitude more, revealed a surprisingly high degree of correlation and reproducibility.
II. METHOD AND RESULTS
The optical apparatus used in this work appears in schematic form in Fig. 1 . A pulsed laser diode (PiL040X, A.L.S. GmbH) was operated at a repetition rate of 1MHz, generating 45 ps pulses that averaged less than 2 mW total optical output power. A collimation lens was then used to inject the diode's output into an optical fiber at the proximal end, while another collimation lens was used to expand the distal end's emerging light into a 2mm diameter beam of low divergence -for sample illumination within a Y-shaped cuvette. A discrete SiPM (S10931-050P Hamamatsu) was positioned such that it accepted fluorescently emitted light from the specimen orthogonal to the excitation beam, to minimize the SiPM's excitation exposure. The SiPM's output was fed directly to a 4-channel DRS4 (Domino Ring Sampler ver. 4, Paul Scherrer Institut -PSI) evaluation board. The DRS4 chip has 8 sampling channels each 1024 cells deep that can be daisy-chained to attain virtually unlimited sampling depth at frequencies that can range from 0.7GS/s (giga samples per second) to 5GS/s. On-chip PLL is used to stabilize the sampling frequency with jitter of better than 30ps. The stored voltage samples on the capacitor cells were read by using a 14-bit ADC running at 33MHz that yielded a readout time for each sample of 30ns. A 31 s latency time was observed in reading out all 1024 samples used in this study, which could be reduced by reading fewer samples.
Measurements made of a non-fluorescent, isotropically-scattering specimen that was comprised of titanium dioxide nanoparticles suspended in distilled water (#NEV 10094, Perkin-Elmer) were used to derive the system's response function, in analogy to those employed by others [5] :
where t 0 is the time at which the optical pulse begins and t r is the risetime to peak detected intensity. Nonlinear curve fitting of the above equations to the scattering data yields A 1 = 2.87 × 10 -2 , laser (1) = 30.91 ns, A 2 = -4.02×10 -4 , laser (2) = 261.8 ns, and t r = 2.36 ns.
As shown in Fig. 2 , fluorescence response curves were recorded and fitted for each fluorescent dye studied -Coumarin 6 (green), Coumarin 314 (yellow), and Coumarin 343 (red) -and the following model used to derive each reporter's fluorescence lifetime dye :
To minimize the negative effects that small hardware instabilities had on curve fitting, occasionally manifested in long decay-time data, we further constrained the time-window of fitting relative to peak signal amplitude, to derive the fluorescence lifetimes shown in Table I ; data that correlated nicely with those obtained using a ChronosFD fluorescence lifetime spectrometer (ISS Inc.). To verify that our derived fluorescence lifetimes possessed no fluorescence intensity dependence, we evaluated 4 different concentrations of each fluorophore, averaged over 10,000 events. As Table II illustrates, no concentration dependence was observed. To minimize the negative effects that small hardware instabilities had on curve fitting, occasionally manifested in long decay-time data, we further constrained the time-window of fitting relative to peak signal amplitude. The best window for distinguishing between those flurophore lifetimes is up to 268ns of signal waveforms. 
III. CONCLUSION
In this work we have demonstrated, for the first time, the feasibility of making rapid fluorescence lifetime measurements using analog silicon photomultipliers (SiPMs) and waveform sampling techniques -with findings validated against those obtained from commercial instruments. Future studies are aimed at improving lifetime accuracy, expediting signal processing and fitting, and the application of our methodology to endoscopes and laparoscopes for pre-clinical use.
